Biological physics is clearly becoming one of the leading sciences of the 21st century. This field involves the cross-fertilization of ideas and methods from biology and biochemistry on the one hand and the physics of complex and far from equilibrium systems on the other. Here I want to discuss how biological physics is a new area of physics and not simply applications of known physics to biological problems. I will focus in particular on the new advances in theoretical physics that are already flourishing today. They will become central pieces in the creation of this new frontier of science.
Biophysics has been an important branch of science that has existed for many years. It has used the power of physics to generate important advances in the life sciences. This new biology would have been impossible without the help from physics. It started several decades ago with scientists trying to understand muscle behavior but has expanded to many other areas having a profound effect in all fields of biology. The example of structural determining techniques for biomolecules is a fantastic one. X-ray crystallography has completely changed our understanding of proteins, nucleic acids and other biomolecules. Magnetic techniques such as NMR have provided not only structural but dynamical information. Optical techniques have also transformed the field. Currently single molecule and single cell experiments are also causing a revolution in life sciences. In this paper, however, we focus on the impact of theoretical physics in biology. Here we show how the importance of physics thinking and the development of totally new physics are playing a key role in developments in the life sciences. Therefore others and we call this field biological physics instead of biophysics in light of the fact physics is the main driver.
The goal of theoretical physics in the life sciences has two main objectives: to develop the conceptual underpinnings of a new and more quantitative biology as well as to expand our notions of complex matter physics by learning from the many examples coming from the life sciences. This two-way street is enriching enormously both fields of science. As new quantitative data emerges from biology every day, there is the appearance that for understanding the mechanisms governing biology it is needed to take into account all these facts otherwise no progress will be made. In an alternative view, we theoretical physicists believe that there are emerging principles governing these processes and it is our job to work towards discovering them. With the help of theory, we expect to be able to simplify these problems but, at the same time, keep their essential features. Guided by these simplified models we hope to discover the underlying principles and mechanisms governing these complex processes. It is our goal that, as these principles are discovered, the governing features of the apparent complexity of biology, observed in the current large quantities of data, will naturally emerge from this new theoretical understanding. Reality may not be as simple as this stated goal but much progress will be achieved with this scientific approach.
Towards exemplifying how theoretical physics has already impacted the life sciences I now present some examples that come from our own work. Many other examples already exist and could be presented, and in no way I want to imply that these examples are the only ones. They are, however, very useful to illustrate the points that I have just made in the previous paragraph. A great example comes from energy landscape theory and the folding funnel concept for proteins [1, 2] . Proteins organize themselves into specific three-dimensional structures by a myriad of conformational changes. Although in principle folding should be a combination of many different elementary moves, this complexity can be simplified due to the global organization of the landscape of energies of protein conformations into a funnel where its depth is determined by the energy drive towards the native state and its width by the configurational entropy associated to the different degrees of nativeness. This organization is not characteristic of all amino acid polymers with any sequence but is a result of evolution. These proteinlike sequences have been selected to behave in this desired self-assembling way. Therefore detailed mechanisms of folding are less robust than the final structure. The funneled landscape has an enormous influence on the global mechanism and many features of the folding trajectories are common to several different detailed mechanisms. Such common patterns can be inferred from funnel models because most naturally occurring proteins have sufficiently reduced energetic frustration. Therefore the funnel landscape idea implies the notion, now quite accepted as a general guideline (with exceptions), that topology determines the folding mechanism. Therefore much has been learned and understood about protein folding with the help of simplified physical models that have guided the design and understanding of experiments and detailed simulations in this field.
The energy landscape that governs folding, however, has also to be involved in the function of proteins. This is a natural consequence of selection during evolution! Therefore energy landscape theory has been successfully generalized to integrate folding and function. I could present many examples of this combined landscape feature but for illustrative purpose I will focus on the case of molecular machines [3] . It is amazing how cells have created a number of molecular machines specialized in undertaking tasks needed to control and maintain cellular functions with exquisite precision. Towards this goal, a conceptual framework and numerical techniques were developed employing the energy landscape theory of protein folding and polymer dynamics. This 'new view' allows us to envisage the dynamics of molecular motors from the structural perspective and it provides the means to make several quantitative predictions that can be tested by experiments. For different superfamilies of motors, such as different kinds of kinesins and myosins, the functional mechanism depends on the allosteric coordination between different structural elements. The same general rules apply for functional molecular motors across the different families. Allosteric structural adaptation of the catalytic motor head in different nucleotide states is central for mechanochemistry. The strain-mediated coordination between motor heads is essential for processivity and the variation of peripheral structural elements is needed for their diverse functionalities. By this full generalization of energy landscape theory we can go all the way from protein folding to large molecular machines.
Going beyond the molecular level, we have moved toward larger systems at the cellular and multi-cellular level and started to study how decision-making occurs in biology. A great system to try to make progress in this problem has been the study of bacterial decisions investigated in the context of transitions, when under stress, into and from competence in Bacillus subtilis as an alternative to making the irreversible decision towards sporulation. During competence, bacteria try to exchange its DNA by extracting DNA expelled into the medium by previous bacteria that have already sporulated. Sporulation versus competence provides a prototypic example of the collective cell fate determination that is stochastic at the individual cell level but deterministic at the population level [4] . This collective decision is performed by an elaborated gene network. In our simplified model this network is composed of three interacting modules: (1) a stochastic competence switch with a transition probability is regulated by population density, population stress and cell stress, (2) a sporulation timer that has a clock rate set by cell stress and population stress, and (3) a decision gate regulated by the timer via a special repressilator-like loop. This distinct circuit architecture leads to special dynamics and noise management characteristics. While each cell has the choice to decide its own fate, the collective probability of deciding between sporulation and competence is determined by the entire colony. The field of stochasticity in gene networks and decision-making in biology is clearly a challenging new frontier in biological physics. Theory will play a central role in understanding the underlying mechanisms governing these biological processes.
These three examples presented above are completely biased based on my personal experience but illustrate how, although on its early stages, theoretical physics is completely transforming the life sciences. At the same time the life sciences is completely changing the physics of complex systems. It is a total win for both fields. The challenges are enormous but progress will clearly revolutionize our current level of understanding of living systems.
Inspired by the strong belief that the interface between the physical and life sciences would become one of the more interesting and fertile fields of sciences in the 21st century, we have decided to create an integrated effort between the life sciences and theoretical physics almost 20 years ago. At that time, there were already some individual efforts into these directions but we believed that a qualitative transition would require a larger combined research and training approach. There was a need to train a new class of scientists that could do high quality theoretical physics and at the same time could appreciate and understand what were the important problems in biology and were able to interact with the willing experimental groups. In the beginning there was much disbelief by the overall science community but others and ours successes completely changed this negative feeling in a few years [5] . On the contrary this overall strategy has become very popular and has been adopted by many different groups! Our initial step towards this goal started in San Diego with a program called the La Jolla Interface in Sciences (LJIS) that was the first program to create the mechanism of dual mentoring (one from the physical and one from the life sciences) that is now broadly accepted and used by many scientific enterprises. Building on the successes and experiences achieved by LJIS, in 1992 we were able to create our current Center for Theoretical Biological Physics (CTBP). CTBP also started in San Diego but is now starting a new phase in Houston where we hope to much expand our research portfolio. By integrating the effort from different expertises in theoretical physics with much strong collaboration with key experimental groups, CTBP were able to and continue to pioneer new approaches to a whole variety of critical issues involved in understanding the complex behavior all the way from the molecular level to cell and multi-cell systems. This center has had and continues to have a transformative effect at the interface of physics and biology both by performing frontier science and by training this new class of scientists. CTBP environment strongly facilitates our trainees' science progress and at the same time allow them to learn about all the different areas in biological physics, and the similarities among them, by the ongoing interactions with other CTBP members. The synergy projects and this amazing training environment would be impossible without the creation of CTBP. Although most of our trainees come with an initial training in physics, when they become independent scientists, they become faculty in many other departments in the life and physical sciences in addition to physics. This is a great measure of the success of this new training approach.
To conclude, it is important to highlight that the creation of this new area of theoretical physics would be impossible without the visionary decisions by different funding agencies and in particular by some of their program directors. The National Science Foundation (NSF) and the Burroughs Wellcome Fund (BWF) had moved into this field already in the early 1990s when this field was far from being fully accepted. The NSF divisions of Physics and Molecular and Cell Biology have joined forces during those years and they have made research in this field possible. The program in Molecular Biophysics in the NSF division for Molecular and Cell Biology has understood the importance of theory in a very early stage and this has had a transformative impact in the science performed by the theoretical groups. Complementing these efforts in biology, the division of physics has determined the need for a focused effort in this direction that has culminated with the creation of a very successful new program called Physics of Living Systems. Leaded by these two divisions, there are currently two major centers (in the program of Physics Frontiers Centers) completed dedicated to science at this interface; one of them is CTBP. LJIS would not have existed if it were not for the BWF. In the 1990s BWF created several centers focused on training scientists coming from the physical sciences to work at the interface between the physical and life sciences. As described above, these programs were responsible for a change in paradigm on how to train scientists in this field.
The future of this field is brilliant. Coming from our origins, we like to call it Theoretical Biological Physics. We are not, however, the only ones heavily interested in this interface between the physical and life sciences [6] . Many scientists from the life sciences are coming towards this goal from the opposite side. This synergistic combination of the sciences is going to create a completely different way of understanding how the living world operates. New paradigms and discovering of new underlying principles governing life will continue to be discovered. As we have noticed from our early successes, new theoretical physics was needed and therefore will also be needed in the future as this fields advances. Physics will not be the same as a new and powerful physics of complex systems flourishes in the years to come. Is this new field going to be part of physics or biology? Probably both but the way scientists will need to think will come from our way of thinking as physicists!
